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I  INTRODUCTION 

A.  Location  and  Description  of  the  Stehekin  River 

This  study  of  the  Stehekin  River  floodplain  was  made  between 
October  1990  and  April  1992.  It  covers  the  lower  9.2  miles  of  the 
Stehekin  River  upstream  from  Lake  Chelan  in  Chelan  County 
Washington  (Figure  1) .  In  1981  the  Federal  Emergency  Management 
Agency  (FEMA)  published  a  flood  zonation  map  for  the  lower  5.1 
miles  of  the  river,  and  in  1986  the  U.S.  Geological  Survey  (USGS) 
extended  FEMA's  map  1.5  miles  further  upstream  (FEMA,  1981)  (USGS, 
1986)  .  This  study  incorporates  data  from  the  earlier  studies  with 
data  recently  collected  to  develop  a  new  floodplain  map  of  the 
lower  Stehekin  River.  The  new  map  covers  an  additional  2.6  miles 
upstream  from  the  previous  maps. 

The  Stehekin  River  begins  as  the  meltwater  of  glaciers  high  in  the 
North  Cascade  Mountains  near  Cascade  Pass.  As  it  flows  through  a 
glacial  U-shaped  valley,  major  tributaries  adding  to  the  flow  of 
the  Stehekin  River  include  Bridge  Creek,  Company  Creek,  Agnes 
Creek,  Rainbow  Creek,  and  Boulder  Creek. 

Within  the  study  area,  the  river  has  two  different  reaches.  Between 
the  lake  and  approximately  river  mile  (R.M.)  4  (Figure  2A)  ,  the 
river's  gradient  is  generally  under  30  ft/mile.  In  this  reach  the 
river  has  a  few  meander  bends  and  a  cobble  and  gravel  bed.  Above 
R.M.  4,  the  river  gradient  is  generally  over  50  ft/mile  and  the 
river  bed  is  composed  of  cobbles  and  boulders  (Figure  2B) . 

The  Stehekin  River  ends  at  Lake  Chelan.  Lake  Chelan  is  a  natural 
lake  50  miles  long  and  1,650  ft  deep.  A  dam  constructed  in  1927 
added  20  ft  to  the  level  of  Lake  Chelan,  giving  it  a  modern  full 
pool  water  surface  elevation  (WSEL)  of  1099.9  ft  (1982-1990  mean). 
The  level  of  the  lake  fluctuates  on  an  annual  basis,  with  an 
average  drawdown  of  18  ft  by  late  winter-early  spring.  Full  pool 
is  usually  restored  by  early  July. 

Most  of  the  Stehekin  River  watershed  is  within  North  Cascades 
National  Park  and  Glacier  Peak  Wilderness.  The  part  of  the  river 
studied  in  this  report  is  within  Lake  Chelan  National  Recreation 
Area.  The  Stehekin  Community  is  located  primarily  in  the  lower  6.6 
miles  of  the  valley  on  both  sides  of  the  river. 

B.  Purpose  of  study 

The  National  Park  Service  undertook  this  study  to  provide  basic 
data  for  the  development  of  a  General  Management  Plan  for  federal 
land  in  Lake  Chelan  National  Recreation  Area.  If  accepted  by  the 
local  government,  and  the  Federal  Emergency  Management  Agency,  this 
floodplain  map  could  be  used  by  valley  residents  in  the  National 
Flood  Insurance  Program.   This  study  also  will  provide  the  basis 


for  the  development  of  a  Stehekin  River  Management  Plan  by  the  NPS. 

C.  Scope  of  study 

This  study  identifies  the  100  and  500  year  f loodplains  of  the  lower 
9.2  miles  of  the  Stehekin  River  above  Lake  Chelan.  Those  parts  of 
the  Stehekin  River  tributaries'  f loodplains  on  the  valley  bottom 
were  taken  directly  from  a  FEMA  work  map.  Fifty  year  floodplain 
boundaries  were  not  determined. 
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II  PREVIOUS  FLOODPLAIN  STUDIES 

A.  Federal  Emergency  Management  Agency,  1981 

In  1981  the  Federal  Emergency  Management  Agency  (FEMA)  published  a 
floodplain  map  of  the  lower  5.12  miles  of  the  Stehekin  River 
Valley.  FEMA  contracted  with  CH2M  Hill  of  Seattle  to  conduct  the 
floodplain  study.  A  1976  version  of  the  HEC2  step-backwater 
computer  model  was  used  to  determine  the  boundaries  of  the  Stehekin 
River  floodplain.  The  contractor  surveyed  2  3  cross-sections  in  the 
lower  Stehekin  Valley  in  October  of  1975  (Figures  2A  and  3A)  . 
Based  on  available  records  of  this  study,  tributary  floodplains 
were  not  modelled,  but  based  on  rough  estimates  by  the  contractor. 

B.  U.S.  Geological  Survey  -  Water  Resources  Division,  1986 

The  U.S.  Geological  Survey  (USGS,  1986)  Water  Resources  Division 
from  Tacoma,  Washington  extended  the  FEMA  floodplain  map  1.45  miles 
upstream.  The  USGS  field  surveyed  7  cross-sections  between  river 
miles  5.12  (W)  and  6.57  (AD)  in  September,  1982  (Figures  2B  and 
3B)  .  They  also  used  the  same  23  cross-sections  and  flood  discharge 
data  as  CH2M  Hill  did  in  the  FEMA  study.  Although  the  USGS  used  a 
different  backwater  model  than  HEC2  to  analyze  flood  flows  on  the 
Stehekin,  their  flood  surface  profile  was  found  to  be  "nearly 
identical"  to  the  one  FEMA  published  in  1981  (see  results  for 
profile  comparison) . 

The  USGS  (1986)  reviewed  changes  in  the  Stehekin  River  channel  and 
assessed  the  accuracy  of  the  FEMA  cross-sections.  However,  the 
USGS  model  and  data,  based  in  large  part  on  the  FEMA  cross- 
sections,  was  not  available  from  the  USGS  Water  Resources  Branch  in 
Tacoma . 


FIGURE  3A.  LOCATION  OF  CROSS  SECTIONS  ON  REACH  1  OF  THE  LOWER 
STEHEKIN  RIVER. 


s    Stehekin    Valley  Rd. 


AQ  ~  upstream    limit  of  study 


J-  McGregor 


Meadows 


FIGURE     3B.      LOCATION     OF     CROSS     SECTIONS     ON     REACH     2     OF     THE     LOWER 
STEHEKIN    RIVER. 


Ill  ACCURACY  OF  COMPUTED  WATER  SURFACE  PROFILES  AND  FLOODPLAIN  MAPS 

This  floodplain  study  uses  a  computer  program  called  HEC2  to 
estimate  the  water  surface  elevation  of  various  magnitude  floods. 
HEC2  was  developed  by  the  U.S.  Army  Corps  of  Engineers  at  the 
Davis,  California  Hydraulic  Enginnering  Center. 

In  reviewing  the  accuracy  of  water  surface  profiles  computed  with 
HEC2,  the  U.S.  Army  Corps  of  Engineers  Hydrologic  Engineering 
Center  (U.S.A.C.E,  1986)  identified  two  main  factors  that  control 
profile  accuracy.  These  factors  are  accuracy  of  floodplain 
geometry  measurements  and  hydraulic  roughness  estimates. 

Floodplain  geometry  measurements  based  on  field  surveys  were  found 
to  be  the  most  accurate.  Floodplain  geometry  measurements  from 
topographic  maps  caused  inaccuracy  in  computer  models  that  used 
them.  Further,  model  accuracy  decreased  indirectly  as  the  contour 
interval  of  the  topographic  maps  used  increased. 

The  1986  HEC  study  found  that  when  conventional  field  surveys  are 
used,  errors  in  the  computed  water  surface  profile  were  a  function 
of  hydraulic  roughness  estimates.  Accurate  estimates  of  hydraulic 
roughness  are  difficult  even  when  using  standard  procedures  such  as 
field  reconnaissance  and  calibration.  In  the  1986  HEC  study, 
estimates  of  hydraulic  roughness  varied  more  as  roughness 
increased. 

Flood  water  elevation  is  a  complex,  dynamic  phenomenon.  In  order 
to  compute  flood  water  elevation,  computer  models  must  make  several 
assumptions  -  some  of  which  are  false.  The  most  critical  false 
assumption  made  by  all  step-backwater  computer  models  is  that  the 
bed  and  banks  of  the  stream  are  immobile.  Recent  research  suggests 
that  for  high-gradient  streams  in  the  pacific  northwest,  the  bed 
and  banks  of  streams  become  mobile  during  50  year  or  greater 
magnitude  floods  (Grant  et  al.,  1990).  Despite  the  false 
assumptions  made  by  HEC2,  this  program  represents  the  best  method 
available  to  determine  floodplain  boundaries  and  it  is  widely  used 
in  the  United  States. 


IV  METHODOLOGY 

A.  Use  of  FEMA  (1981)  and  USGS  (1986)  Cross  Sections 

Channel  changes  affecting  FEMA  and  USGS  cross  section  accuracy 
were  reviewed  in  this  study  by  several  methods.  First,  aerial 
photographs  taken  in  1978  were  compared  to  a  set  taken  in  1988. 
Second,  bank  recession  measurements  were  gathered  from  the  1986 
USGS  study,  field  surveys  and  resident  interviews. 

Overall,  the  channel  of  the  Stehekin  River  has  been  stable  over  the 
last  10  years.  At  several  cross  sections,  however,  erosion  on  the 
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outside  of  meander  bends  has  modified  channel  cross  section 
geometry  since  1978.  Changes  to  FEMA  cross-sections  are  summarized 
in  Table  1  and  shown  on  the  cross-sections  in  Appendix  C.  No 
changes  were  made  to  the  USGS  cross  sections.  Data  was  entered 
into  HEC2  directly  from  the  cross  section  notes  taken  by  the  USGS. 

Several  survey  errors  in  the  FEMA  study  were  discovered,  which 
resulted      in      some      inaccurate      cross-sections.  Where      these 

inaccuracies  were  found,  the  cross-sections  were  modified  using  a 
10   ft  contour  map  and  then  field  checked. 

B.      Mapping  and   Survey  of   Cross   Sections  AC  through  AQ 

In  addition  to  the  23  cross-sections  surveyed  by  FEMA  and  the  7 
surveyed  by  the  USGS,  13  additional  cross  sections  were  surveyed 
between  RM  6.57  and  9.20.  Cross-section  geometry  was  measured  to 
the  nearest  0.1  ft  with  a  Bausch  and  Lomb  level  and  25  ft 
fiberglass  rod  in  September,  1990.  Elevations  were  tied  into 
temporary  datums  near  cross-sections  AN  and  AF.  Cross-sections 
were  laid  out  along  the  Stehekin  Valley  road  and  plotted  on  a 
1:6,000  scale  mylar  topographic  map  with  a  10  ft  contour  interval. 

FEMA  (1981)  cross-sections  were  plotted  onto  the  mylar  work  maps  by 
overlaying  the  basemaps  on  the  1;6,000  scale  FEMA  work  maps.  River 
mile  location  and  channel  distance  between  cross  sections  were 
measured  from  the  work  maps.  Due  to  river  thalweg  lengthening 
caused  by  meander  loop  development,  the  river  mile  location  of  the 
cross  sections  increased  from  those  published  by  FEMA  (1981)  and 
the   USGS    (1986) . 


TABLE    1.    SUMMARY    OF   MODIFICATIONS    TO    FEMA   CROSS    SECTIONS 
CROSS-SECTION   SUMMARY   OF   MODIFICATIONS 

A  adjusted   left  over  bank  geometry  along  valley  wall 

B  removed    large   hill   on   FEMA  xs,    expand   channel   by   50    ft    into 

left  bank 

H  expanded   left  bank  of   channel   24   ft 

I  expanded   left  bank  of   channel   60   ft 

J  modify  channel  geometry 

Q  corrected    10    ft    survey    error    on    right    over    bank    near    NPS 

maintenance    yard,     this    xs    also    used    for    overbank    geometry 
around  Harlequin   Bridge 

BR  used  original  US  Forest   Service  drawings  of  Harlequin 

bridge   for  bridge  opening  geometry 
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Cross  sections  were  located  at  changes  in  bed  slope  and  where 
channel  geometry  changed  significantly  (meander  loops,  channel 
constrictions  and  enlargements,  etc.)*  Jarret  (1985)  recommends 
that  cross  sections  be  spaced  approximately  75  to  100  times  mean 
depth.  On  the  Stehekin  River  mean  depth  for  the  100  year  flood  is 
approximately  11  ft.  Therefore,  cross  section  spacing  should  be 
825  to  1100  ft.  In  the  1986  USGS  study  cross  section  spacing  (W  to 
AD)  averaged  1107  ft,  whereas  cross  section  spacing  from  AD  to  AQ 
averaged  987  ft. 

C.  Hydrology 

Floodplain  studies  usually  focus  on  large  floods  that  occur  on 
average  once  during  50,  100  and  500  year  periods  (recurrence 
interval) .  Recurrence  interval  represents  the  long-term  average 
period  between  floods  of  a  particular  magnitude.  A  50  year  flood 
has  a  2  percent  chance  of  being  equalled  or  exceeded  during  any 
given  year,  while  the  100  year  flood  has  a  1  percent  chance  and  the 
500  year  flood  a  0.2  percent  chance  of  occurring.  However,  because 
climatic  factors  that  produce  large  floods  can  often  persist,  it  is 
possible  that  rare  floods  could  occur  within  shorter  (than  average) 
intervals  -  or  even  within  a  single  year  (FEMA,  1981)  .  The 
likelihood  of  a  rare  flood  increases  when  longer  periods  of  time 
are  considered. 

Stehekin  River  floods  can  occur  at  three  times  a  year.  Summer 
floods  occur  during  thunderstorms  and  associated  intense  rainfall. 
These  floods  usually  effect  areas  less  than  10  square  miles  (FEMA, 
1981)  .  Due  to  the  size  of  the  Stehekin  watershed  (344  square 
miles) ,  these  floods  effect  tributary  streams  more  than  the 
Stehekin  River. 

Spring  floods  occur  in  May  or  June  because  of  snowmelt.  The 
magnitude  of  these  floods  varies  depending  upon  winter  snowpack  and 
spring  weather  (rain,  freezing  level,  temperature) .  Since  1950  the 
average  peak  daily  spring  flood  is  8,891  cfs.  Spring  flood 
extremes  are  16,400  cfs  in  May  1948  and  4,700  cfs  in  May  1979. 

Floods  on  the  Stehekin  River  can  also  occur  in  the  late  fall  to 
early  winter  period  (Table  2) .  The  Thanksgiving  flood  of  November 
1990  occurred  because  of  a  large  magnitude  precipitation  event 
associated  with  unusually  warm  temperatures  (high  freezing  level) 
and  a  pre-existing  heavy  snowpack. 

The  Stehekin  River  has  been  gaged  by  the  U.S.  Geological  Survey 
since  1911,  although  no  data  was  collected  between  1917  and  1926. 
Based  on  this  long  record  of  discharge  measurement,  the  amount  of 
water  the  river  carries  during  10  year  and  50  year  floods  is  well 
established  (Tables  2  and  3)  .  Discharge  for  larger  floods,  such  as 
100  year  and  500  year  events,  are  less  well  established  because 
they  have  never  been  measured  at  the  gage. 


12 

Peak  discharge  frequency  was  determined  in  1979  for  the  FEMA  study 
using  a  log-Pearson  III  frequency  analysis.  In  1986  the  USGS 
checked  the  1979  frequency  analysis  and  determined  it  had  changed 
"insignificantly  " .  This  study  used  the  same  estimated  100  and  500 
year  discharge  as  FEMA  (1981)  and  the  USGS  (1986) .  Drainage  area 
ratios  were  used  to  adjust  (decrease)  discharge  upstream  from  the 
gage  (Table  3) . 


TABLE  2.  LARGEST  FLOODS  ON  RECORD  FOR  THE  STEHEKIN  RIVER 

DATE  PEAK  DISCHARGE  @  GAGE         APPROXIMATE 

(cubic  feet  per  second)    RECURRENCE  INTERVAL 


05-29-1948 
06-21-1950 
06-21-1967 
06-02-1968 
06-10-1972 
06-16-1974 
11-24-1990 


18,900 
13,500 
13,900 
14,400 
14,400 
16,600 
14,700 


90  yr, 
10  yr, 
10  yr. 
10  yr, 
10  yr, 
25  yr, 
10  yr, 


TABLE   3.   PEAK  DISCHARGE  FOR  50,  100  AND  500  YEAR  FLOODS 
ON  THE  STEHEKIN  RIVER  (SITE  #  12451000) . 


X.S.-  DRAINAGE  AREA 

river  mile    — sq.  miles — 


PEAK  DISCHARGE  (cfs) 
50  yr.    100  yr.    500  yr, 


MOUTH  -  0  344 

J  -  2.0  308 

U  -  4.46  277 

AE  -  6.73  256 


17,900  19,200  22,100 

16,500  17,700  20,300 

15,200  16,300  18,800 

13,920  14,928  17,217 


D.  Hydraulics 

As  discussed  in  the  introduction,  the  Stehekin  is  hydraulically  two 
different  rivers  within  the  study  reach.   Between  Lake  Chelan  and 
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approximately  river  mile  (R.M.)  4,  the  river's  gradient  is 
generally  under  30  ft/mile  (Figure  3A) .  In  this  reach  the  channel 
morphology  is  meandering  and  has  a  sand  and  gravel  bed.  Above  R.M. 
4,  the  river  gradient  is  generally  over  50  ft/mile  and  the  river 
bed  is  composed  of  cobbles  and  boulders  (Figure  3B)  .  Channel  shape 
in  this  reach  is  classified  as  an  island-bar  channel  (Schumm  and 
Brackenridge,  1987) . 

Hydraulic  roughness  estimates  used  were  generally  higher  than  those 
used  by  FEMA  (1981) .  Values  for  hydraulic  roughness  used  in  the 
USGS  study  were  not  available.  Higher  hydraulic  roughness 
estimates  were  used  because  recent  work  by  the  USGS  suggests  that 
roughness  is  higher  in  densely  vegetated  overbank  areas  than  was 
believed  at  the  time  of  the  FEMA  study  (Arcement  and  Schneider, 
1987) (Prych,  1988) (Jarret,  1985) . 

Hydraulic  roughness  was  estimated  for  this  study  using  a  procedure 
originally  developed  by  Cowan  (1956) ,  modified  by  Aldridge  and 
Garrett  (1973)  and  further  modified  by  Arcement  and  Schnieder 
(1987) .  Base  N  values  were  determined  using  Barnes  (1967)  and 
checked  by  calculating  the  channel  N  value  at  the  USGS  gage. 
Appendix  D  details  the  hydraulic  roughness  estimating  procedure  for 
each  cross-section. 

Flow  regime  was  not  modelled  at  supercritical  in  the  steeper  upper 
reach  of  the  Stehekin  River.  Recent  investigations  by  the  USGS 
(Jarret,  1984) (Trieste,  personal  communication,  1992)  show  that 
supercritical  flow  does  not  occur  in  natural  channels  of  high 
gradient  streams  (>.002).  According  to  Jarret's  research,  energy 
dissipated  by  the  mobility  of  the  bed  and  banks  of  the  river  keeps 
flow  in  a  subcritical  regime. 

The  sensitivity  of  WSEL  and  the  Froude  number  calculated  by  HEC2  to 
channel  hydraulic  roughness  was  tested  at  each  cross  section. 
Increasing  channel  roughness  from  .045  to  .05  decreased  the  Froude 
number  to  less  than  1  at  every  cross-section,  but  had  minor  effects 
on  WSEL. 

E.  Modelling 

The  September,  1990  version  of  HEC2  was  used  for  calculation  of  the 
100  and  500  yr.  floodplain  of  the  Stehekin  River  and  to  assess  high 
flood  hazard  areas.  After  data  was  entered  into  the  program,  the 
arrangement  and  values  of  data  were  checked  using  the  Edit2  sub- 
program and  visually.  When  the  program  was  edited  so  that  all 
error  messages  were  removed,  the  HEC2  program  was  run.  By  the  time 
of  this  report  some  20  data  sets  were  developed,  edited  and  run  on 
HEC2.  The  results  given  below  are  based  on  one  and  a  half  years  of 
model  refinement.  All  of  the  models  used  in  calibration,  testing 
of  conditions  and  final  modelling  are  listed  by  file  name  in  Table 
4. 
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The  first  step  of  modelling  was  to  use  data  from  FEMA  and  the  USGS 
to  rebuild  their  1981  and  1986  models  (file  STEHEK6.DAT).  Building 
of  the  final  model  entailed  modification  of  FEMA  cross  section 
data,  estimation  and  adjustment  of  hydraulic  roughness  values, 
measurement  of  channel  distance  and  bank  stations,  and  addition  of 
13  upstream  cross-sections. 

Richard  Hayes  of  the  HEC  in  Davis,  California,  Joe  Webber  of  the 
Seattle  FEMA  office,  Bruce  Stoker  of  Ebasco  Environmental  in 
Seattle  and  Bob  Jarret  of  the  USGS  in  Denver  offered  valuable 
suggestions  with  modelling.  This  floodplain  study  was  reviewed  and 
approved  by  the  Water  Resources  Division  of  the  National  Park 
Service. 


TABLE    4.     HEC2    DATA    INPUT    FILES     (ON    DISKETTE). 

FILENAME        CONTENTS 

STEHEK6.DAT  FEMA  data  set 

STEHEK22.DAT  supercritical  profile  XS  0  -  AC 

STEHEK24.DAT  supercritical  profile  XS  AA  -  AQ 

STEHEK31.DAT  subcritical  profile  for  entire  study  reach 

STEHEK33.DAT  subcritical  profile  with  drawdown  analysis 

STEHE500.DAT  reach  1  final  data  set 

STEHE502.DAT  reach  2  final  data  set 

CALIBRAT.DAT  calibration  of  model  at  gage 

1.  Split  Flow 

An  attempt  was  made  to  model  split  flow  at  two  locations  along  the 
Stehekin  River.  Between  cross  sections  AN-AI  and  0-L,  where  large 
secondary  channels  carry  significant  amounts  of  flood  water,  split 
flow  modelling  was  attempted,  but  failed.  The  results  were  not 
used  because  cross  section  spacing  was  too  far  apart  and  the 
secondary  channels  too  short  for  significantly  different  WSELs  to 
develop  between  the  main  channel  and  the  secondary  channels. 

2 .  Woody  Debris  Accumulations 

Woody  debris  accumulations  (WDAs)  play  a  significant  role  in  the 
geomorphology  of  and  flooding  on  the  Stehekin  River.  The  US  Army 
Corps  of  Engineers  removed  WDAs  along  the  lower  two  miles  of  the 
river  in  1975  to  ease  flooding.  In  a  1988  study  over  100 
individual  WDAs  were  identified  and  mapped  along  the  Stehekin 
(Appendix  E) .  The  WDAs  are  located  in  the  main  channel,  at  bends 
in  the  river,  at  the  head  of  side-channels  and  at  the  upstream  ends 
of  bars  and  islands.  Because  of  the  unpredictable  instability  of 
WDAs  during  large  floods,  their  effect  on  flood  height  was  not 
analyzed.  WDAs  probably  increase  flood  height  by  increasing 
hydraulic  roughness  and  restricting  flow  from  the  main  channel  into 
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side  channels.  Therefore,  this  model  probably  underestimates  flood 
height  by  not  considering  WDAs. 

3.  Side  Channels 

Over  61  side  channels  were  analyzed  for  blockage  by  WDAs  within  the 
study  reach.  In  total,  2  6  of  the  61  channels  are  blocked  by  WDAs. 
Because  the  stability  of  WDAs  are  so  unpredictable  -  especially 
during  large  floods  -  all  of  the  channels  were  left  open  in  the 
model.  The  effect  of  WDA  blockage  on  flood  discharge  was  limited 
to  the  affect  they  had  on  hydraulic  roughness.  Therefore, 
considering  all  of  the  side-channels  were  left  open,  this  model 
probably  underestimates  the  actual  WSEL  for  a  100  yr.  flood. 

4 .  Lake  Chelan  Levels 

Lake  Chelan  is  the  base  level  for  the  Stehekin  River.  The  natural 
depth  of  the  lake  is  1,600  ft.  In  the  1920s  a  dam  added  22  ft  to 
the  lake's  surface  elevation.  Its  pool  elevation  fluctuates 
approximately  18  ft  annually.  Average  low  pool  elevation  occurs 
in  May.  Average  full  pool  elevation  is  1099.92  ft,  is  usually 
reached  in  June  and  persists  until  drawdown  begins  in  September. 

The  annual  cycle  of  lake  levels  was  analyzed  to  determine  its 
influence  on  100  yr.  flood  WSEL  at  the  mouth  of  the  river.  A  model 
was  constructed  that  used  a  cross-section  in  the  drawdown  of  Lake 
Chelan  at  the  mouth  of  the  river  to  determine  if  floods  that 
occurred  during  Lake  Chelan  drawdown  had  lower  WSELs  than  floods 
during  full  pool  at  the  river  mouth  (see  file  stehek3  3.dat). 
Several  runs  were  made  using  different  lake  levels  of  lake  Chelan 
as  starting  WSELs  for  the  model. 

5.  Calibration 

Several  factors  prevented  good  calibration  of  the  model.  First, 
the  remote  location  and  sparse  development  along  the  Stehekin  River 
meant  no  historic  data  exists  documenting  floods.  Nobody  in  the 
valley  today  can  provide  detailed  information  on  the  1948  flood, 
although  a  few  spot  elevation  estimations  were  recorded.  Further, 
no  large  floods  have  occurred  on  the  Stehekin  since  1948  (Table  2) . 
Recollections  of  floods  in  1974  were  better,  and  aided  in  checking 
the  calculated  WSEL  at  several  cross  sections.  The  opportunity  to 
use  the  1990  flood  to  calibrate  the  model  was  missed. 

Other  than  checking  calculated  WSELs  by  interviewing  valley 
residents  and  comparing  WSELs  to  the  FEMA  and  USGS  studies,  two 
other  methods  were  used  to  calibrate  the  model.  Calibration 
was  made  by  comparing  known  WSELs  based  on  the  June  6,  1989  rating 
curve  at  the  USGS  gage  (see  file  calibrat.dat)  .  Water  surface 
elevations  at  cross  section  G  (R.M.  1.39)  for  discharges  of  800cfs, 
2000cfs  and  5000cfs  were  compared  to  gage  heights  for  corresponding 
discharges  at  the  USGS  gage  (Table  5)  .  At  all  three  discharges  the 
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model  agreed  with  the  USGS  gage  height  within  a  few  tenths  of  a 
foot. 


An  additional  test  made  on  the  accuracy  of  this  model  was  to 
compare  model-predicted  WSEL  with  geomorphic  features  of  the 
landscape.  For  example,  if  the  model  is  accurate,  breaks  in  slope 
at  the  edge  of  the  channel  and  terraces  should  generally  correspond 
to  the  WSEL  for  frequently  occurring  flood  discharge. 


TABLE  5.  COMPARISON  OF  MODEL  PREDICTED  WSEL  AT  X.S.  G  AND  USGS 
GAGE  HEIGHT  FOR  THREE  DISCHARGES. 

DISCHARGE  (cfs)    MODEL  WSEL  USGS  GAGE  WSEL 

800                 1119.65  1120.1 

2,000                1121.23  1121.3 

5,000                1123.72  1123.2 


To  test  model  accuracy,  the  mean  annual  peak  spring  flood  was  run 
through  the  model.   At  nearly  every  cross  section  there  is  good 
correspondence   between   model   predicted   flood   elevation   and 
geomorphic  features  of  the  floodplain.   Figure  4  is  an  example  of 
this  method  of  testing  of  model  accuracy. 

6.  Mapping  Floodplain  Boundaries 

Floodplain  boundaries  and  high  flood  hazard  areas  were  drawn  on 
1:6000  scale  maps  of  the  valley  by  locating  the  floodplain  boundary 
along  each  cross-section.  Boundaries  between  cross  sections 
followed  the  topography  as  indicated  on  the  10  ft  contour  map  and 
the  61  mapped  secondary  channels.  Once  mapped  on  the  mylar  work 
map,  floodplain  boundaries  were  entered  into  a  GRASS  Geographic 
Information  System  (GIS) .  An  Altek  hand-held  digitizer  and  Sunview 
work  station  were  used  to  load  the  data  into  the  GIS. 

V  RESULTS  AND  DISCUSSION 

The  floodplain  map  produced  in  this  study  was  plotted  from  a  GIS. 
Original  work  maps  are  held  at  the  National  Park  Service  office  in 
Marblemount.  Data  and  output  from  this  study  are  available  on 
diskette  upon  request  from  the  NPS. 

Considering  the  accuracy  of  computed  flood  profiles,  differences 
between  the  profile  computed  in  this  study  versus  the  USGS  and  FEMA 
profiles  are  minimal.  The  difference  between  the  profile  computed 
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in  this  study  and  the  FEMA  and  USGS  was  a  foot  or  so  rise  in  WSEL, 
which  is  most  likely  due  to  higher  overbank  roughness  values  (Table 
7)  .  A  hardcopy  of  the  data  set,  flood  water  distribution  on  43 
cross  sections  and  detailed  output  from  this  project  is  given  for 
the  two  reaches  of  the  Stehekin  River  in  Appendices  A,  B,  and  C. 

This  floodplain  map  is  more  accurate  in  downstream  areas  than  the 
FEMA  (1981)  and  USGS  (1986)  maps  for  several  reasons.  First,  FEMA 
and  USGS  maps  were  made  without  benefit  of  the  10  ft  contour, 
1:6000  scale  map  used  in  this  study.  Second,  the  new  map  was  based 
on  more  accurate  estimations  of  hydraulic  roughness  than  the  FEMA 
study.  Third,  several  survey  and  data  entry  errors  in  the  FEMA 
study  were  corrected.  Fourth,  recent  studies  by  the  USGS 
(Jarret, 1985;  Jarret  and  Trieste,  1987)  have  suggested  better  ways 
to  model  flood  flows  in  natural  channels. 

Differences  between  water  surface  profiles  computed  by  modelling 
flow  as  supercritical  vs.  subcritical  in  the  upper  reach  of  the 
river  were  generally  minimal  (see  files  stehek22.dat  and 
stehek24.dat)  (Table  6).  At  six  locations  the  supercritical 
profile  had  a  WSEL  more  than  two  feet  less  than  the  subcritical 
profile,  including  cross-sections  T,  V,  Y,  AE,  AG,  and  AJ. 

Annual  fluctuations  in  the  surface  elevation  of  Lake  Chelan  did  not 
have  a  significant  effect  on  the  flood  profiles  at  the  mouth  of  the 
river  (see  file  stehek33.dat).  At  cross-section  A  (R.M.  0.15)  the 
profile  computed  with  Lake  Chelan  at  low  pool  was  less  than  a  half 
foot  below  the  profile  computed  with  the  lake  at  full  pool. 

Based  on  model  results,  the  500  yr.  floodplain  of  the  Stehekin 
River  differs  slightly  from  the  100  year  floodplain.  The  reason 
why  the  500  year  and  100  year  floodplain  boundaries  are  so  similar 
is  that  the  Stehekin  Valley  is  wide  and  flat  at  its  lower  end. 
Once  floodwater  spills  out  of  the  channel  into  overbank  areas,  it 
spreads  laterally  into  the  wide  floodplain.  Any  increase  in 
discharge  once  the  river  is  already  over  its  banks,  therefore,  is 
distributed  over  the  wide  valley  and  has  minimal  effect  in  WSEL. 

At  every  cross  section  other  than  near  the  Harlequin  Bridge,  the 
500  year  WSEL  is  less  than  one  ft  above  the  100  year  WSEL.  Because 
of  the  scale  of  the  maps  used,  it  was  impossible  to  map  the  500 
year  floodplain  as  distinct  from  the  100  year  floodplain. 

Areas  of  particularly  fast  or  deep  flood  water  adjacent  to  the  main 
channel  were  mapped  as  a  high  flood  hazard  area  (see  floodplain 
map) .  They  were  mapped  following  the  procedure  described  for  the 
100  year  floodplain.  The  high  flood  hazard  area  represents  several 
parts  of  the  Stehekin  River's  100  year  floodplain.  High  flood 
hazard  areas  include  those  areas  where  flood  water  velocities  were 
in  excess  of  three  feet  per  second,  flood  water  depths  were  greater 
than  six  feet  and  areas  in  and  adjacent  to  the  main  channel  where 
rapid  bank  erosion  and  channel  deposition  could  cause  shifts  in  the 
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main  channel  of  the  Stehekin  River.  Many  secondary  (flood) 
channels  adjacent  to  the  river  were  included  in  the  high  flood 
hazard  area.  The  high  flood  hazard  area  is  similar  to  the  floodway 
concept  used  in  the  National  Flood  Insurance  Program. 
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TABLE  6.  COMPARISON  OF  SUPERCRITICAL  AND  SUBCRITICAL  PROFILES  FOR 
THE  STEHEKIN  RIVER  ABOVE  RIVER  MILE  4. 


CROSS  SECTION 
AND  R.M. 


SUPERCRITICAL  WSEL 
(Froude  >  1.0) 


SUBCRITICAL  WSEL 
(Froude  <  1.0) 


S 
*T 

U 
*V 

W 

X 
*Y 

Z 
AA 
AB 
AC 
AD 
*AE 
AF 
*AG 
AH 
AI 
*AJ 
AK 
AL 
AM 
AN 
AO 
AP 
AQ 


3.98 

4.26  ********* 

4.46 

4.81  ********* 

5.12 

5.32 

5.72  ********* 
6.04 

6.18 
6.38 
6.57 
6.64 

6.73  ********* 
6.91 

7.03 
7.30 
7.45 
7.63 
7.87 
7.93 
8.13 
8.42 
8.61 
8.86 
9.20 


********* 


********** 


1194.1 

1193.5 

1208.0 

1222.8 

1236.3 

1250 

1261 

1274 

1281 

1287 

1293 

1304 

1305 

1312 

1318. 

1333.8 

1345.0 

1349.9 

1363.3 

1366.4 

1373.8 

1393.9 

1404.0 

1419.3 


************** 


************** 


************** 


************** 


************** 


************* 


1194.2 

1198.6 

1208.4 

1225.0 

1236.5 

1250 

1263 

1274 

1282 

1288 

1295.2 

1303.4 

1308.9 

1312.4 

1320.5 

1333.8 

1345.7 

1352.7 

1363.4 

1367.4 

1374.8 

1393.9 

1405.9 

1419.3 


7 
5 
0 
5 
6 


1439.8 


1439.9 
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TABLE  7.  COMPUTED  WATER  SURFACE  ELEVATIONS  (WSEL)  FOR  STEHEKIN 

RIVER  CROSS-SECTIONS  (see  mapset  1  for  locations) . 

cross-section  computed  water  surface  elevation 
and  RM FEMA  (1981) USGS  (1986) NPS  (1991) 

A   0.15  1103.7  1103  1102.7 

B   0.29  1105.4  1105  1106.4 

C   0.42  1106.9  1106  1107.6 

D   0.74  1113.3  1112  1112.3 

E   0.93  1117.7  1119  1117.5 

F   1.16  1123.0  1123  1124.3 

G   1.39  1128.7  1129  1129.2 

H   1.62  1131.8  1133  1133.1 

I   1.78  1133.0  1134  1134.6 

J   2.00  1136.2  1137  1137.4 

K   2.30  1143.4  1143  1143.8 

L   2.57  1152.1  1152  1153.2 

M   2.89  1157.2  1157  1158.6 

N   3.06  1164.3  1164  1163.9 

O   3.42  1171.0  1172  1172.8 

P   3.63  1177.8  1178  1179.9 

Q   3.74  1184.5  1185  1184.5 

BR   3.76 

BR   3.78  1186.6  1186  1188.2 

BR   3.80 

S   3.98  1193.0  1190  1194.2 


1193.0 

1190 

1197.5 

1194 

1207.5 

1208 

T   4.26  1197.5  1194  1198.6 

U   4.46  1207.5  1208  1208.4 
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TABLE  7.  COMPUTED  WATER  SURFACE  ELEVATIONS  (WSEL)  FOR  STEHEKIN 
RIVER  CROSS-SECTIONS  (see  mapset  1  for  locations) . 

cross-section  water  surface  elevation 
and  RM FEMA  (1981) USGS  (1986) NPS  (1991) 

V  4.81  1126.7  1227  1225.0 
W  5.12  1236.2  1237  1236.5 
X   5.32  —  1251  1250.7 

Y  5.72  —  1262  1263.5 
Z   6.04  —  1274  1274.0 

AA   6.18  —  1281  1282.5 

AB   6.38  —  1287  1288.6 

AC   6.57  —  1295  1295.2 

AD   6.64  —  1304  1303.4 

AE   6.73  —  —  1308.9 

AF   6.91  —  —  1312.4 

AG   7.03  —  —  1320.5 

AH   7.30  —  —  1333.8 

AI   7.45  —  —  1345.7 

AJ   7.63  —  —  1352.7 

AK   7.87  —  —  1363.4 

AL   7.93  —  —  1367.4 

AM   8.13  —  —  1374.8 

AN   8.42  —  —  1393.9 

AO   8.61  —  —  1405.9 

AP   8.86  —  —  1419.3 

AQ   9.20  —  —  1439.9 
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APPENDIX  A 
HEC2  PRIMARY  INPUT 


jrtMARY  OF    ERROR: 


1   HEC2  WATER  SURFACE  PROFILE  FOR  THE  STEHEKIN  RIVER  -REACH  2 

I       17  NOV.  1992  SUBCRITICAL  PROFILE  -  100  AlMO  500  YR .  FLOODPLAIN 

I       JON  L.  RIEOEL-NORTH  CASCADES  NATIONAL  PARK 

5.720  -  NOTE  -  GR  RECORD  -  STA  =    947.000  MINIMUM  ELEVATION  NOT  WITHIN 
CHANNEL 

5.040  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

5.180  -  NOTE  -  GR  RECORD  -  STA  =    917.000  MINIMUM  ELEVATION  NOT  WITHIN 
CHANNEL 

5.130  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

5.330  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

6.570  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

5.540  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUnBERS 

BE  STRICTLY  POSITIVE 

7.030  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

7.300  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENOED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

7.4S0  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

7.530  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

7.370  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

7.930  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

8.130  -  NOTE  -  GR  RECORD  -  STA  =    552.500  MINIMUM  ELEVATION  NOT  WITHIN 
CHANNEL 

3.130  -  NOTE  -  3?    RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

3.510  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENOED  THAT  STATION  NUM8ERS 

BE  STRICTLY  POSITIVE 

3.3S0  -  NOTE  -  GR  RECORD  -  IT  IS  RECOMMENDED  THAT  STATION  NUMBERS 

BE  STRICTLY  POSITIVE 

500  YEAR  FLOODPLAIN  FOR  STEHEKIN  RIVER  (FILE  STEHE502.DAT) 
STEHEKIN  RIVER  -  REACH  2 
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7:       HEC2  WATER  SURFACE  PROFILE  FOR  THE  STEHEKIN  RIVER  -REACH  1 

TZ   17  NOV.  1992  SUBCRITICAL  PROFILE  -  100  AND  500  YR .  FLOODPLAIN 

73   JON  L.  RIEDEL-NORTH  CASCADES  NATIONAL  PARK 
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Or i t i ca 1  oep th  ass umed 
him mum  specific  energy 


WARNING  SECNO= 

WARNING  SECN0= 

CAUTION  SECN0= 

CAUTION  SECN0= 

CAUTION  CECN0= 

CAUTION  5ECNC= 

CAUTION  CECNO- 


.420  PR0FILE=  1  .KRATIO  outside  acceptaole  range 

.420  PROFILE =  2  KRATIO  outside  acceptable  -ange 

.630  PR0FIL£=  1  Critical  aspth  assumed 

.530  PR0FIL£=  1  Prooable  minimum  specific  energy 

.630  PROFILE =  !  X  trials  attempted  to  balarce  WSEL 

.630  PR0FILE=  2  Critical  depth  assumec 

.630  PROFILE3  2  Pr-TDaDie  minimum  specific  anergy 


r"M  ITTOM    '-CVMT- 


EARNING  SECNO- 


740  PROFILE3   'I   KRATIO  outside  accsptac-le  range 


CAUTION  SECN0= 

CAUTION  5ECNO 

CAUTION  SECN0= 

CAUTION  SECN0= 


.760  PROFILE3  1  WSEL  assumed  basec  on  min  DIFF 

.760  PROFILE3  1  20  trials  attempted  to  balance  WSEL 

.750  PROFILE3  2  Critical  depth  assumed 

.760  PROFILE3  2  Minimum  specific  energy 


CAUTION  SECN0= 
CAUTION  SECN0= 
WARNING  S£CN0= 


3.780  PROFILE3   1   Critical  asptn  assumed 

3.780  PR0FIL£=   1  20  trials  attempted  to  balance  WSEL 

3.780  PROFILE3  2  KRATIO  outsiae  acceptable  range 


^CAUTION  SECN0= 
CAUTION  SECN0= 
■CAUTION  SECNO3 


3.300  PROFILE3   1   Critical  aepth  assumed 

3.800  PROFILE3   1   Probable  minimum  specific  energy 

3.300  PROFILE3   1   20  trials  attempted  to  balance  WSEL 


CAUTION  SECN0= 

'CAUTION  CECN0= 

CAUTION  SECNO3 

CAUTION  SECN0= 

CAUTION  SECNO3 


3.9S0  PR0FILE=  1  Critical  depth  assumec 

3.9S0  PROFILE3  1  Minimum  specific  energy 

3.9S0  PROFILE3  2  Critical  depth  assumed 

3.9SO  PR0FIL£=  2  Probable  minimum  specific  energy 

3.980  PROFILE3  2  20  trials  attempted  to  balance  WSEL 


WARNING 

SECNO3 

WARNING 

SECNO3 

CAUTION 

SECNO3 

CAUTION 

SECNO3 

'CAUTION 

SECNO3 

CAUTION 

SECNO3 

CAUTION 

5ECN0= 

CAUTION 

SECN0= 

4.260  PROFILE3  1  KRATIO  outside  acceptable  range 

4.260  PROFILE3  2  KRATIO  outside  acceptable  range 

4.460  PR0FILE=  1  Critical  depth  assumed 

4.460  PR0FIL£=  1  Prooable  minimum  specific  energy 

4.460  PROFILE3  1  20  trials  attempted  to  balance  WSEL 

4.460  PROFILE3  2  Critical  depth  assumed 

4.460  PR0FIL£=  2  Prooable  minimum  specific  energy 

4.460  PR0FIL£=  2  20  trials  attempted  to  balance  WSEL 


WARNING  SEGNO 

WARNING  SECNO3 

CAUTION  SECN0= 

CAUTION  SECN0= 

CAUTION  SECNO 

CAUTION  SECNO3 


4.310  PR0FIL£=  1  KRATIO  outside  accsptaole  range 

4.S10  PR0FIL£=  2  KRATIO  outside  acceptable  range 

5.320  PROFILE3  1  Critical  depth  assumed 

5.320  PROFILE3  1  Minimum  specific  energy 

5.320  PROFILE3  2  Critical  depth  assumed 

£.320  PROFILE1-  2  Minimum  specific  energy 


WARNING  SECNO 

WARNING   GECN0= 


5. 720  PROFILE3  1  KRATIO  outside  accsPtaDle  range 
5.720  PROFILE3  2     KRATIO  outside  accsptaole  range 
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S£UTICN  CECN0= 

CAUTION  3ECN0= 


4.460  .r '-:'-,- 'i_^=   1   Critical  3eptn  K>umsa 
4.460  PROFILE3  2  Critical  aeptn  assumec 


WARNING  5ECN0= 

WARNING  5ECNC3 

CAUTION  5ECN0= 

CAUTION  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 


4.310  PROFILE3  1  KRATIO  outside  .accepraois  range 

4.310  PROFILE3  2  KRATIO  outsiae  acceptable  range 

5.320  PROFILE3  1  Critical  depth  assumed 

5.320  PROFILE3  1  Minimum  specific  energy 

5.320  PR0FIL£=  2  Critical  oepth  assumed 

5.320  PR0FILE=  2  Minimum  specific  energy 


WARNING  SECN0= 

WARNING  5ECN0= 

CAUTION  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 


5.720  PROFILE3  I  KRATIO  outside  acceptable  ranse 

5.720  PR0FILE=  2  KRATIO  outside  accsPtaole  range 

o.OaO  PROFILE3  1  Critical  aePth  assumea 

6.040  PR0FILE=  1  Minimum  specific  energy 

6.040  PROFILE3  2  Critical  depth  assumed 

6.040  PROFILE3  2  Minimum  specific  energy 


CAUTION  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 


6.540  PRCFILE3  1  Critical  depth  assumed 

6.640  PR0FILE=  1  Prooaole  minimum  specific  ene-gy 

6.640  PROFILE3  1  20  trials  attempted  co  balance  WSEL 

6.640  PROFIL£=  2  Critical  depth  assumec 

6.640  PROFILE3  2  Probable  minimum  specific  energy 

6.640  PR0FILE=  2  20  trials  attempted  ro  balance  W5EL 


WARNING  CEC'.Ci= 

WARNING  SECNO3 

WARNING  SECNO3 

CAUTION  SECNO3 

CAUTION  SECNO3 


6.730  PROFILE3  1  KRATIO  outside  acceptable  range 

6.730  PR0FIL£>  2  KRATIO  outside  acceptable  range 

6.910  PROFILE3  1  KRATIO  outside  acceptable  range 

6.910  PROFILE3  2  Critical  depth  assumea 

6.910  PRCFIL£=  2  Minimum  specific  energy 


WARNING  SECNO3  7.030  PR0FIL£=  1  KRATIO  outside  acceptable  range 

WARNING  SECNO3  7.03C  PROFILE3  2  KRATIO  outside  acceptsole  range 

CAUTION  SECNO3  7.300  PROFILE3  1  Critical  depth  assumed 

CAUTION  SEGNO-  7.300  PROFILE3  1  Minimum  specific  energy 

CAUTION  SECNO3  7.300  PROFILE3  2  Critical  depth  assumed 

CAUTION  SECNO3  7.300  PROFILE3  2  Minimum  specific  energy 


caution  secno3 

;aut:cn  secno-= 

CAUTION  3ECN03 

CAUTION  SECNO3 


.450  PROFILE3  1  Critical  depth  assumec 

.  450  PROFILE3  I  Minimum  specific  energy 

.450  PROFILE3  2  Critical  deptn  assumec 

.430  i-'OFILE3  2  Minimum  specific  energy 


warning  3£cno 

warning  cecng* 

caution  5ecn0* 

caution  gecno= 

caution  secno* 

caution  cecno* 

caution  5ecno* 

caution  secno* 


7.530  PROFILE*  1  KRATIO  outside  acceptable  range 

7.530  PRCFILE*  2  KRATIO  ■outside  acceptable  range 

7.370  PROFIU£=  1  Critical  depth  assumed 

7.370  PROFILE*  1  Probaoie  minimum  specific  energy 

7. 370  PROFILE*  1  20  trials  attempted  ro  Da  lanes  WSEL 

7.370  PRCFIL£=  2  Critical  depth  assumed 

7.370  PROFILE*  2  ProDaole  minimam  specific  energy 

7.370  PR0FIL£=  2  20  trials  attempted  to  balance  wCEL 


CAUTION  SECN0= 

CAUTION  SECNO* 

CAUTION  SECNO* 

CAUTION  CECNO* 

CAUTION  SECNO* 

CAUTION  SEGNO* 


3.420  PROFILE*  1  Critical  deotn  assumed 

3.420  PROFILE*  1  Probable  minimum  specific  energy 

3.420  PROFILE*  1  20  trials  attempted  to  balance  WSEL 

3.420  PRCFILE=  2  Critical  depth  assumed 

S.420  PR0FIL£=  2  Prooaole  minimum  specific  energy 

3.420  PROFILE*  2  20  trials  attempted  to  balance  WSEL 


WARNING  SECN0= 

WARNING  SECN0= 

CAUTION  SECNO* 

CAUTION  SECNO* 

CAUTION  SECNO* 

CAUTION  SECN0= 


3.610  PR0FIL£=  1  KRATIO  outside  acceptable  range 

3.510  PRCFIL£=  2  KRATIO  outside  acceptable  range 

8.360  PROFILE*  1  Critical  deptn  assumed 

3.S60  PROFILE*  1  Minimum  specific  energy 

8.860  PROFILE*  2  Critical  depth  assumed 

3.360  PROFILE*  2  Minimum  specific  energy 


APPENDIX  C 
CROSS  SECTION  PLOTS 


si 

7 
Q 


7 5? 


A 


m 


— 


ft 


J  <  o 
&*  o 
•a  a  ^ 


A 


'J»  o 


V 


2" 

< 

■%  &: 

o  ^ 

o 


LU 


5 

o 
A 


o 

O 


c 

O 


Cvl 


il         I 

ii    "i 


a  lb 


? 


n  > 

!!    ! 

i!  ! 
»  r 

o/ 

ii  i 

>!  ! 

ii  1 

0 

IV 

* 

!• 

j  01 

!l 

I 

__  -> 

*    Hi 

ii/-' 

< 

«J        L. 


1/4 


I.  "'•■J 


A 


CO 

i 

i-     _ 


A 


AV--,nS  nXSS 


p  J 


@ 


1L3      P 


T—  VJ 

T     — 


c  - 


..■' 


r" 


f     IB 
i-     M  r 


*h  rri 


<S 


01 


i  : 

>      ! 

i 


U  i 


o 


w 

A 


!      i 

i  i 


i  j 

1    ! 

i  : 

I ! 


2-<  — 


ill 


B^^ 

£3 

•Mi     * 

^s 

! 

i'rT 

**J 

m 

V 

g 

,'«': 

1  1 

i 


Mr 


!     > 

!       ! 
!       ! 


/2k 


fT<<         S 

0^     »L 


i-     sJ 


J— 

ID 


i 


i 


tji 


gi 


r 


i- 


u  J 


L  >    i 

A.    5 


".ft- 


I 

I 

CS3    


? 

U    r' 


A 


i ; ! 


r   ^ 

L 

!_ 


© 


r     « 


u  i 


r  ••- 

-  * 


I     03 


"."■W 


• !  % 


\*. 


»i  *   r 


I-      u^ 


y 


OJ      P 


u 

i 
01 


.1 


rf--i 

V5K 


r 


jf-    r- 


ITl 

h 
i 


m 


r- 


W    3 


4T 


r 

h 


r  j 


IE 


G 


A 


r 

! 

r 

r 


m 


W  i 


if 


■ 


i-    rs* 


:£ 

l 

CS3 

0"i 

Li 

^_s 

t  ^ 

tD 

s^ 

j 

^ 

<^° 

w 

u 

Q 

w 


f5^ 


-i 

o 

J 

s 

ill 

• 

^ 

rJ 

^ 

<£> 

-z 

w 

< 

CO 

»AJ 

fc 

0 

z 

■ar 

\n 

K 

1 

i! 

I   ■ 

i  i 

it' 

V 


i   ': 

i    i 


J- 

L 


r 

i 


\^^_j^jslx  ngs  s  \wj: 


"i         **      ^m*      •— i 


'iff: 
I 


N 


\ 


y—         T? 


2* 

Q 

;iJ 

•^^ 

■  pH; 

A 

Sn 

f   1 

| 

£ 

y 

i 

■^■i 

« 

I 

J£ 

! 

i 

03 

tA 

r- 

\A 

•^ 

y 

C 

"^ 

i 

■  ii 
!  !  : 


i 
Ln 


A 


I    i 

i     I 
i     ! 


;  i 
I  | 
I  j 

i    ! 

I       ! 

i  i 
i  ! 


u      uz 


L 

L 
I 

I- 

h 


r 


^5^~~~—  F  rS 


«L. 


sE 


I 

!_ 


Y7 


^Ni 


u  i     C 


-i£       i 


•V 

) 


".  Vi 


!JC^" 


i      I. 

i      i 


I- 


r 


r 


I 

! 


rL 


•-^' 


13      '= 


u 

.«    to 


15 


C 


i 


< 


v>  si 
o  0 

CO 


i"N.^ 


J 

( 


cn    u 


CSJ 


CJ 


j" 

OJ 

■<-* 

w 

-s 

1 

u 

M 

>= 

t-*> 

V* 

f  * 

■«■* 

w 

■^ 

w 

S3 

CJ 

=  J 


1_ 

3 


j_ 


T 

i 
i 


I   T* 


r 
r 

!_ 

i 


i 

I- 

r 

i— 

L 
L 


r    rv 


s=»- 


r-j 


I  i 


i 


en    - 


1 


If' 

I  ft 

i  li 


05 


D        <H 


2-< 

y 

I 

P 

y 

■f-^ 

w 

y 

V* 

i 

05 

w 

■* 

j^ 

yi 

05 

CT 

^; 

Lri 

£3 

r  * 

a 

i 
! 


r   y 


?rri         W 


.  CS.1 


i 

!    1 

i  i 

i   ! 

I     ! 

i   i 


r 


J- 

i- 

i- 
I 


i  ? 


ijf» 


(S3 


w 


Ik 


CS3     S 


r   m     « 


P       9j 

^=      1 
ID      w 


i ;  i 
i 


en 
CD 


V 


-    rH 


n 


A 


.a 

/Pi 


o 


\- 


{  s 

w 

^       1 

'B      Q 


■ 
i 

I 


WW 


cn 


2Z 
c^ 


j 
j 

I 


i    r^ 
r 

h 


•r>-_ 


•j  i 


X— - 
,•!'■ 

I 


! 


i 
I 


i 


1 


m  S3 


i. 


S3 

±    1 


PS- 


^™^^^^^*» 


f- 


p. 


CNJ 

S3 

fl"* 

«m»i 

w  < 

H      r 

ST* 

S4J 

»■* 

■ 

m 

£- 

3J 

ci 

w 

i        : 

•"■■* 

■^ 

Sm 

.      t. 

a 

ff 

u 

■i-h 

to 

^ 

! 

gj 

?/i 

« 

w 

ID 

o 

■x^ 

w 

W 

r  ^ 

.CsJ 


i-    ess 


r 


i-     rs. 


I 

Of 


cr=    T 


Sh 

■*— ' 

r  "! 

i— 

rtl 

=■ 

■« 

w 

_±. 

1 

03 

w 

^ 

DO 

Qj 

o 

■-I— 

s- 

w 

o 

r 

■ 


i 

r 


r 


en 


lh 


._    ■  w      »•       n^    -^~ 


CS2 

en 


b 

-a 

CD 


-I 

±. 
I 


m 


u 

r; 

03 

•m 

W 

a: 

! 

OJ 

W 

pC 

M 

fii 

o 

T" 

£_; 

Ul 

W 

!     - 

h 


!.'  J 


L    m 


•i1 

a 


!        CSJ 


rs 


en 


M 


b 
o 

< 

a/ 

»- 
Z 
lU 

\u 

d 
ca 


■a 


rn 


r" 

OJ 

■«»«* 

Cfl 

^ 

i 

y 

W 

^m 

M 

WP 

OJ 

Q 

■«ta* 

w 

M 

f  "5 

u 

i 

1 

i 

j 

'l 

! 

i 

1 

i 
■ 

i 
j 

1 

! 

i 
i 

! 

1 

j 

i 
j 

i 

! 
1 

i 

'l 
\ 

i 

i         i 

MM 

|  j    ! 

i 

|      i         i      i 
I      j         ! 

1 
\ 

!        '            ! 

!  1     ! 
i   i     i 

MM 

!      !    i 

•    <      i 

1      II 

■ 

I 

1 

— 

!    }      I 

1          a       ! 
J       i           1 

!  !    i 
i   !     1 

:      i         i 

!     ! 

1 

'I 
I 

\ 

I 

i 
.1 

/ 

:    I 

!     | 

i     i 
i     i 

j     I 

I 3 

1  ! 

!      1 

i      ! 

!   ! 

i   i     i 

t        !            1 

!        !            1 

!      <        i 
!      !          i 
•      >         ! 

*      .-■ 
f    f 
f    J 

_ 

1 

_ 

I  i   i 

!        !            ! 

i      i        ■ 

!  i   i 
i  i    i 

*      f 

_■ 

i 
j 

i 

i 

! 

j 
j 
j--'". 

- 

_ 

i 

■T 

i                                                                                      ' — — _ 

i    4 

'-_-     — — 

!  l~^l        !        1 
j  ^^                 | 

^-r::: 

- 

!    =# 

! 

---  _— — —     — 

_ 

i 

==i 

- 

2 

5^ 


-, 


;        *i 


!  '. 


S- 

: 


I 


u 

=■     p 

■I— i      »— I 


r— 

SJ 

i-* 

M 

V 

1 

ID 

w 

£i 

M 

OJ 

o 

w 

Cfl 

f  5 

■ 


f-_ 


h 

; 

i 

i— 
I 

i— 


i         ■»■.•■ 
L       AT! 


L 

i- 

■ 

r 

i- 


Vi 


■ 


\A 


u 


CS3    GE 

y^     yj 


n 


r— 

SJ 

■m 

w 

^ 

1 

QJ 

M 

pS 

w 

sy 

o 

■_3 

3- 

frt 

r  3 

A5 


i 
I- 

! 

r 

i 


!*^ 


rs 


r\j 


i     j_ 


CSJ 


rP^ 


V. 


I- 
i 

L 
L 


CS3 


\-    cs; 


v  p 


2 

u 
U 
CO 

a 

T 

i 

Crt 

i 
i 

^~ 

D1 

i 

y 

i 

! 

i 
i 

w 

C=P 

i 

li  !l 

ii  '.. 

!!    \ 
■is     i 

i 

ii 


v5 


r 


CSJ 


IS     — .     ** 


-3 


i  !  i        l  j   ■: 


i_j 

lH 

^ 

n  i 

r%.- 

!-■ 

&a 

^H 

'■v* 

i 

■ 

y 

i 

^ 

W 

i 

t? 

.*» 

j 

1s=i 

»^ 

S=i 

( 

i 
i 

s 


jt 


*. 


«/■  L_i 


■NJ 


l  > 

I  j 

ii 


i  i 


L 


a:      i 

Ojj  t/l 


i 

! 


ii! 
!  !  f 


s-~ 

! 
I 


1  ! 

! 
I 


T7? 


1 1 

I  i 


in: 


1 


Ik" 


f 

V 

1 

>!_■• 

tfl 

TTT 
* 

-    cs 


!     =' 

f    ,' 


i 


fs. 


I 
I 


I  - 

— 


I  '.--" 


CS3 


13     d 


•iii' 

•*• 

■A 

i 

in 


7|7 

* 


! 


r. 

h 


i 
L 


C-^       C-'l 


I  ! 


m 


l  "f"w! 


■■-._ 


S.r" 


T) 


Ph."! 

s 

J 

j*f*K 

rs  ■ 

j 

» 

cn 

i    -<_ 

■ 

• 

.CD 

in 

S5 

L 

^H 

rtj 

s- 

* 

S1 

o 

i 

•  ■■» 

■  -« 

a 

,    -. 

■ 

?=1 

T* 

'      i 

w 

.jZ 

•  j^i 

^ 

1 

A 

tt 

CO 

i 

i?" 

M 

i 

SJ 

■  c 

w   u 


I 
si? 


I  !  ! 


!  i 

i  : 

!    ! 

i  ! 


i     '. 


i    t 

i    .= 
1    1. 


i  I 


I- 
j 


!- 
i 


FSs 


rs^ 


1 


in-     r^ 


Mr 

.9. 


i     j 

i       j 


( 


i 


ID 


tA 
1 


IS 

i 

i 


r  !  ~ 

— 

i 
i 

.1 
i 

| 

1 
| 

! 

■i 

1    """ 
I 

! 

1            i 

K£ 


\ 

< 
< 

J 


r-__ 
3" 


&_ 


m 


CD 

1 

T-1 

if\ 

to 

f-*^ 


W 


I  --- 


i 


1 1 


i  i 
!! 


U 


i! 

i   i 

i  i 


< 

i 


e  . 


i  « 


a 

•  I? 

2am 

w 

r= 

0  ]             i 

li 

i 

m 

t/1 

;*» 

tfi 

Vt 

£3 

'    '-                 ! 

! » 

in 


h- 


i- 


!_ 


o 
< 


m     LH 


\w 


~>      O 


s 


jrt     y  TT7 


i  | 


I     ! 

i  ; 


h 

1 1 


i  > 


i 

j  5 


m 


\  \ 


< 

\ 


W 

yj 

■  ■■■■ 

C£ 

^£ 

1 

nt 

f  A 

=*=■ 

f 

r/i 

03 

r~. 

■imi 

ii 

tfi 

W 

SN 


:i_ r 


r--.5 


tS3 


r— 

U    1 

•i— 1 

tA 

^ 

i 

V 

w 

t£m 

tA 

V 

n 

+3 

5- 

iA 

r  * 

'  =! 


\        GO 

Vu        I 

^    .  1 
1 

0^ 

>.-•* 


! 


r 


r 


Lfi 


P 


w  i 

A.    = 


1_ 

! 
1 

r 

i 


C\3 


5  "-j 


I 

i 


I 
I 


1         i '-. 


rj 


I 


!  ^ 

i 


1— ! 

DO 

•-Vs 

i 

iy 

1^ 

w 

(jf) 

L       i 

LH 


v- ; 


x 


tN 


t  ! 

■  i 

i  i 

!  I 

j  ! 

i  ; 

■  ! 


•"     ifi 

n  1       Jjrt 


7=!       ,   1=! 


t       ! 

i     I 


•       .' 


I 

■ST 
< 


y  1      Lsg 


! 


01 


i 


!  " 


\ 


s  i    in 


r  '■ 


c 

y 

n 

w 

r*tf 

i 

U 

(4 

£ 

r/i 

fil 

n 

lr-. 


t    I 


IV! 


I    ! 

>      ! 

|    ! 

i  i 
•  > 


V7 

<: 
\ 


IS" 


f 


!  1 
(  ! 

:  i 


i- 
« 

i- 


o=.! 


N.      U  J 


i 


C 


ts> 


<    i 


w 


r"i 


-J 
I 


A. 


Tf 

f 
* 


ir-1._ 


M      f 


'±! 


A 


M 

i 


t: 

<: 

l 

CS3 

cs 

gn 

nrj 

en 

*r-! 

m 


•  IV* 

Bp^ 

TtT 

. 

'S' 

*■* 

■t™1 

!*• 

. 

ill 

J  j  i 

T*3 

■paj 

w 

I    <™i 

^ 

1 

U    > 

u 

t/1 

V 

n 

! 

**-. 

^    » 

1 1 1 
■r 

!  ! 

ii 
1 1 
ii 


i    ! 

ii 

i 

IS 

i 

i, 

'l 

i! 

ii 

y 

«     w 


i 

i  ! 

is 
■  i 

ii 
1 1 
i ; 
i  I 

II  Jpr 


•  id    J 


p  * 


o 


k! 


E 


V  ? 


-z 
< 


i\i 


'V 


cs 


i 

1 
j 


"!  i  \l 


y 


(a 


■11 

W 

i 
Ed 

Q 


[ 

TT7 


!- 
I 


p-._ 


C\! 


U  i 


i_       (S 


o 

< 

\ 

l\j 

f^Ti 

en 

tH 

en 

L-=S 

ID 


w 


*H  * 


U    r       <>'    •> 


y 

io. 

«•■    • 

■s 

Q 

w 

— 

JJ 

m1—. 

-1—— 

!lii! 

■L. 

■*-) 

■  y 

o 

A 

r^ 

OJ 

| 

•^* 

Efl 

1 

j£ 

i 

m 

U 

W 

v 

i«» 

w 

CS 

'<£. 


h 


u 


*Ni  I— 


"v 

- 

L     N 

• 

e 


r 


en 


"*-— , 


_ 


I 

A~ 


A 

■  i 
i 

in 


w  i   u  ; 


lr  s.— ■ 

ii  's 

i!  v. 


i       ■■  ■  ■• 


•  MM 

jn           i 

?     1 

'5 

:                             1 

S      i 

V 


ii  i 
ill 


Hj 


i- 


v 


—    ■ 


en    m 


iff 


•  !  ; 
i 

m 


> 


!. 


h     K. 


— — ,    r 

i- 


f,  i 


u  ; 


ft 


U.I 

i' 

i 

.•I'. 
■      j 

=r    r 


r  cV 


i 


!  !    1 


y  i 


m 


w  ■ 


LH 


1  ■  j 

i  ■■=■ 


U  j 


U     r 


APPENDIX  D 
HYDRAULIC  ROUGHNESS  CALCULATIONS 
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APPENDIX  E 
WOODY  DEBRIS  ACCUMULATIONS 

(Mason  and  Koon,  1985) 
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